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Circular Dichroism Studies on Southern Bean Mosaic Virus
SUMMARY Circular dichroism spectra showed that the RNA of southern bean mosaic virus (SBMV) has considerable base pairing and that the protein subunit has a higher proportion of ]/-structure than of whelix. A specific feature of the circular dichroism (CD) spectra of SBMV at 230 nm appears to be related to the binding of divalent cations to the virion, Ca 2÷ affects this CD spectral feature at a lower concentration than does Mg 2+ or Sr 2+. The CD spectra are compared with those of turnip rosette virus (TRosV), another member of the SBMV group. Southern bean mosaic virus (SBMV) is the type member of a group of small spherical plant viruses in which the particles are stabilized by protein-protein interactions, involving the binding of both protons and divalent metal ions, and by RNA-protein interactions (Hull, 1977) . Mg z+ alone is the metal ion originally implicated in capsid stability (Wells & Sisler, 1969; Sehgal & Sinha, 1974 ) but later workers (Hsu et al., 1976) suggested that both Mg 2+ and Ca 2+ are essential. More recently (Hull, 1978) , it has been shown that Ca 2+ is most effective in stabilizing SBMV and turnip rosette virus (TRosV) (another member of the SBMV group) against disruption by high ionic strength at pH 8.25, and binding studies showed little competition by Mg 2+ for the Ca 2+ sites in TRosV. We have shown (Denloye et al., 1978) , using circular dichroism (CD), that changes in conformation of TRosV particles, particularly of the protein subunits, accompany the removal of protons and C a 2+.
In this paper we report on the CD spectra of SBMV which we compared with those of TRosV. Utilizing a very specific feature of the CD spectra, we show that Ca z+ is much more effective than Mg z+ in causing a structural change associated with the capsid stability of SBMV.
The bean strain of SBMV was grown in Phaseolus vulgaris cv. Prince and was purified and RNA prepared as described for TRosV (Denloye et al., 1978) . To prepare coat protein subunits, SBMV, in 0.1 M-tris-HCl pH 8.25, was treated for 30 rain with 10 mM-EDTA pH 8.25 and then NaC1 added to give 1 M. The solution was dialysed against 0.5 M-CaC12, 10 mM-tris-HC1 pH 8.25 at 4 °C overnight and then centrifuged at 30000 rev/min in a Beckman R40 rotor for 3 h. The supernatant was then dialysed against 1 M-NaC1, 10 mM-tris-HC1 pH 8.25; its u.v. absorption spectrum was typical of protein and the A t°/° "*1cm,280 was taken as 10. The buffer systems and the measurement of CD spectra were as given by Denloye et al. (1978) . Fig. 1 shows the CD spectra of SBMV at pH 5 and pH 8-25 in the presence and absence of Ca z+. The long wavelength regions of these spectra, which are dominated by the intraviral RNA, are very similar to the spectra of TRosV under corresponding conditions (Denloye et al., 1978) . In both viruses the wavelength of the maxima (266 to 268 nm) indicates that the RNA was substantially base paired (about 70 %) and the removal of Ca 2+ resulted in a small reduction in base stacking as judged from the small reduction in the ellipticity of these bands.
The CD spectra of isolated SBMV RNA were essentially the same as those of TRosV RNA (Denloye et al., 1978) except that for SBMV the removal of Ca 2+ at both pHs produced a small decrease (approx. 10%) in the ellipticity at 265 nm indicative of a slight reduction in base stacking. In the peptide bond region of the spectra (below 240 nm) (Fig. 1 ) the negative maxima for SBMV (wavelength 206 to 209 nm) were all at a few nm longer wavelength than in the corresponding spectra of TRosV (wavelength 203 to 206 nm). With both viruses under conditions of particle swelling (pH 8.25 minus Ca2+), the negative maxima were at a longer wavelength and had a smaller absolute magnitude than under the other conditions. From these spectra the secondary structure was determined, after substracting the small RNA contribution, by the method of Baker & Isenberg (1976) in order to be directly comparable with the results for TRosV. This analysis showed that the ct-helical (14 to 20%) and//-sheet (26 to 36 %) contents of SBMV coat protein were both rather higher than those of TRosV coat protein; with SBMV, ordered forms decreased at both pHs on removal of Ca 2+, whereas in TRosV, only at pH 8.25 did the fl-sheet content show such a decrease. The proportions of or-helix and//-sheet in SBMV coat protein were similar to those of other viruses with isometric particles and thus are in accord with the suggestion by Denloye et aI. (1978) that these might be related to the shape of protein subunit needed to form an isometric particle.
The spectra of the isolated coat protein subunits at pH 5 with and without Ca 2+ (not shown) were very similar to those of the protein in virus particles at that pH, suggesting little change in protein conformation on encapsidation; this is in accord with the results for TRosV. However, at pH 8.25 with or without Ca z+, the CD bands of the isolated subunits were considerably smaller in magnitude than the spectra of intact SBMV. Although there was a similar trend in the TRosV spectra, the conformation of coat protein subunits from SBMV is more pH-sensitive (decrease in a-helical and fl-structure with increase in pH) than the conformation of those from TRosV.
The most intriguing aspect of the virus spectra displayed in Fig. 1 is the behaviour of the ellipticity at 230 nm. No feature was discernible at this wavelength at pH 5 but at pH 8,25 without Ca 2+ a negative minimum appeared which was reduced to a shoulder on addition of Ca 2+. This behaviour is in striking contrast to that of a seemingly similar feature in the spectra of TRosV which is present under all conditions except pH 8.25 without Ca z+. 
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The behaviour of the ell.ipticity at 230 nm was investigated further by titration of demetallized SBMV with metal ions at pH 8.25. The investigation was confined to group IIA cations because of the high absorbance of most other multivalent cations at this wavelength. The results of titrations with Mg z+, Ca 2+ and Sr 2+ (Fig. 2) , which are reversible with EDTA, strongly suggest that a conformational change is occurring consequent on the binding of the metal ions to the virion; at saturating concentrations of the three metal ions the spectra were indistinguishable within experimental error. The relative efficacy of the cations was conveniently measured by the concentrations producing 50 % change. These were: Ca z+, 5.6 × 10 -4 M; Sr 2+, 7 x 10 -3 M; Mg 2+, 1-2 x 10 -2 M; showing that Ca 2+ was by far the most effective of the higher group IIA cations in producing this conformational change. The same superiority of Ca 2+ over Mg 2+ was observed by Hull (1978) in an investigation of the ability of cations to stabilize TRosV and SBMV particles at pH 8.25 to disruption by high ionic strengths. It is perhaps significant that the 50% change value for Ca 2+ for SBMV is of the same order as the dissociation constant for the binding of Ca 2+ by TRosV at pH 8.25 (Hull 1978) .
The chromophore responsible for the ellipticity changes at 230 nm is definitely associated with the SBMV protein moiety, as a negative minimum at this wavelength occurred in the CD spectra of the SBMV coat protein subunits at pH 8.25. For both intact viruses, this feature responded to Ca 2+ at pH 8.25; however, with SBMV it was lost on addition of Ca 2+, but with TRosV it was gained. The 230 nm feature was unresponsive to Ca 2+ in the subunits of both viruses. Thus, the binding of Ca 2+, which causes the change, requires structural features which are only present in the intact virus. This suggests that the Ca 2+ binding site is formed either by the juxtaposition of protein subunits or by protein-RNA interaction, or by RNA alone. If the RNA phosphate residues formed the only or major component of the metal binding site, then Mg z+ would be expected to be at least as effective as Ca 2+ (Mathieson & Olayomi, 1975) . The increase in RNA stacking which accompanies the binding of Ca ~+ may not signify a direct interaction but would be a necessary consequence of the shrinking of the capsid due to strengthened protein-protein bonds.
In studying TRosV, Hull (1978) differentiated between high affinity Ca 2+ binding sites which are detectable at pH 5 and low affinity sites which are only found in swollen virus at pH 8.25. Since, for both TRosV and SBMV, the 230 nm feature responded to Ca z+ at pH 8.25 and not at pH 5, it seems possible that it is associated with low affinity sites.
In SBMV the 230 nm feature in the CD spectrum is removed (in TRosV it is produced) by protons on changing to pH 5 just as effectively as by adding Ca 2+ at pH 8.25. Thus, protons appear to affect the site shown by the 230 nm feature in the same way as does Ca 2+, although the spectral manifestations are opposite for the two viruses. The evidence of Hull (1977) from other experimental approaches indicates the independence of the two protein-protein interactions, pH-dependent and divalent cation-mediated; the latter is probably related to the high affinity Ca 2+ binding site. This further supports the suggestion above that the 230 nm feature is associated with the low affinity Ca 2+ binding site. The nature of this site and whether it is related to the pH-dependent protein-protein interaction are, at present, unknown. 
Department of Chemical Sciences
